Philibert (1884-1902) described the seemingly endless variation in peristome morphology found in mosses and was able to organize the variation he observed into just a few basic types of peristomes. Subsequently, Fleischer (1902 Fleischer ( -1923 utilized Philibert's morphological information and revised the ordinal and familial classification of mosses so that the major taxonomic groups reflected similarities in peristome structure. Fleischer's system, with some relatively minor adjustments, is still in use today.
Peristomes can be divided into nematodontous types, in which the teeth are made of whole elon- In contrast to the high degree of variation in the number of IPL cells found among diplolepideous peristomes, Edwards (1979 Edwards ( , 1984 found very little variation among haplolepideous peristomes. In fact, Edwards suggested that haplolepideous peristomes almost uniformly exhibit a 4:2:3 peristomial formula. Moreover, Edwards pointed out that in haplolepideous peristomes, every third anticlinal wall in the IPL is aligned with an anticlinal wall in the PPL, whereas the intervening IPL walls are not aligned with PPL or OPL walls. In diplolepideous peristomes, either all anticlinal IPL walls are aligned with those in the PPL and OPL (Funaria type; Edwards 1984) or none is aligned (Bryum type; Edwards 1984). On the basis of these observations, Edwards (1984) and others (e.g., Vitt 1984) have argued that mosses which share a haplolepideous peristome structure constitute a monophyletic group. This paper is fourth in a series of contributions describing development of the peristome teeth in mosses in relation to systematics and evolution (Shaw & Anderson 1988; Shaw et al. 1987 Shaw et al. , 1989 ). An extensive review of the literature on peristome morphology and development was provided in the second of these (Shaw et al. 1987) . In the present paper we describe the sequences of cell divisions in immature sporophytes preceding deposition of the peristome teeth in six species with haplolepideous peristomes. Specifically, we sought to answer the following questions: 1) Do the earliest developmental stages in these haplolepideous species conform to the pattern documented previously in diplolepideous and nematodontous species? 2) At what developmental stage do haplolepideous peristomes diverge from diplolepideous peristomes of the a) Bryum and b) Funaria types? and 3) Is there a pattern of development (i.e., a sequence of cell divisions) which is unique to and shared by species with haplolepideous peristomes? Plants were maintained in the Duke University greenhouses and sporophytes at various developmental stages were sampled periodically. Sporophytes were fixed in formalin-acetic-alcohol, embedded in paraffin, and sectioned on a rotary microtome according to standard techniques (Johansen 1940) . Swollen, almost mature capsules were cut with a razor blade in order to facilitate complete infiltration of the fixative. For additional details regarding our methods of fixation, embedding, and sectioning, see Shaw et al. (1987) .
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As in our previous studies, we emphasize transverse sections because most of the distinguishing features of the different peristome types concern the number and arrangement of cells in the three concentric peristome-forming layers. We have examined many longitudinal sections and have not observed systematically significant variation among species. In our previous studies, we have documented each developmental stage in great detail. In the present paper we delete some of the photographic documentation for the sake of brevity; enough documentation is provided to show that the earliest developmental stages are remarkably uniform. Development of the peristomial layers is first described in the two species of Ditrichum, followed by briefer descriptions of development in Trematodon and the three species of Dicranum. Ditrichum pallidum. -As in other mosses, the sporophyte of D. pallidum grows as a result of divisions of a two-sided apical cell. However, as in the other mosses we have studied, the apical cell ceases dividing while the embryonic sporophyte is only 2-5 mm long and is scarcely exserted beyond the perichaetial leaves. Most linear growth of the embryonic sporophyte is a result of cell elongation rather than division. While the apical cell is still active, the sporophyte apex is relatively pointed and spear-like and the merophytes can be plainly discerned (Fig. 1) . As soon as the apical cell ceases dividing the apex becomes broadly rounded (Fig.  2) and the spear-like shape is lost.
A section from just below the apex of a sporophyte with an actively dividing apical cell shows two cells (Fig. 3) In contrast, the first cell of the adjacent quadrant, between 12 and 3 o'clock in Figure 4 , was periclinal instead of anticlinal, so that the first division of this quadrant produced an endothecial cell to the inside and an amphithecial cell to the outside. This latter sequence is much less commonly observed in our studies. Regardless of the precise method of cell division, the result is four inner endothecial cells surrounded by eight outer amphithecial cells (see Fig. 19, D. lineare) .
Each of the eight amphithecial cells then divides periclinally and more or less synchronously, forming an inner ring of eight cells in transverse section (Fig. 5i) , which is the inner peristomial layer (IPL). Immediately afterwards, through more or less synchronous anticlinal divisions, the outer layer becomes 16-celled ( When the amphithecium consists of three layers, cells in the innermost layer, the IPL, begin to divide (Fig. 6-8) . Each of the eight IPL cells undergoes an asymmetrical anticlinal division resulting in a larger cell and a smaller cell (Fig. 6-7) . Shortly thereafter, the larger of the two derivatives undergoes another anticlinal division. The result is three smaller IPL cells derived from each original IPL cell (Fig. 8i) There now ensues a remarkable period of coordinated differential growth as the developing capsule enlarges and matures. Cells in the outermost amphithecial layer undergo periclinal divisions so that the amphithecium becomes four, then five layers thick (Fig. 9 ). There are now two layers of cells outside the OPL. At this stage the three peristomial layers have differentiated and the peristomial formula is 4:2:3, the typical haplolepideous pattern. However, cells of the PPL now undergo enlargement, each becoming more or less lenticular, expanding inward and outward. The cells of the IPL and OPL, which enlarge much less, accommodate to the changes in the shape of the PPL. In section, one IPL cell and one pair of OPL cells fit into each V-shaped area alternating with the convexities of the enlarged cells of the PPL (Fig. 9-10) . None or few of the anticlinal walls of the IPL are now strictly aligned radially with anticlinal walls of the PPL, although alternate radial walls of the OPL are still aligned with those of the PPL.
Additional anticlinal divisions then occur in the IPL, however, and eventually obscure the 4:2:3 pattern. These divisions have begun in Figure 9 , in some sectors of which there are four IPL cells opposite two PPL cells. In Figure 10 , anticlinal divisions in the IPL (i) have resulted in five or six IPL cells lying adjacent to two PPL cells; the peristomial formula is now 4:2:5-6. We found these additional divisions in the IPL to be consistently present in all sporophytes ofD. pallidum, as well as in some other haplolepideous species, as described below. Thus, the 4:2:3 pattern consistently appears but is often transitional.
All the cell layers present in the mature sporophyte are formed before the capsule begins to swell appreciably. After the three layers are differentiated, the capsule swells and attains its mature shape before the peristome teeth are formed (Fig. 11) . The mature capsule has a long-rostrate operculum which is up to two-thirds as long as the urn. The urn has a well-developed air space at maturity (Fig. 12a) .
The peristome of D. pallidum forms by deposition of wall material on the periclinal wall pairs of the IPL and PPL (Fig. 12i, p) . The IPL extends downward in the capsule urn as the outer spore sac, while the PPL (p) reaches the air space (a). Because of an additional periclinal division in the IPL in the region of the urn, the outer spore sac is two cell layers thick (Fig. 12ss) . Below the annulus the OPL (o) also becomes two-layered through periclinal divisions, forming the inner portion of the capsule wall. At maturity, the peristome teeth bear a conspicuous papillose ornamentation on both the inner and outer surfaces (Fig. 13t) . At the base of the peristome, additional cell layers external to the PPL form thickenings; these are often referred to as preperistomial thickenings (Fig. 13-14) . It is noteworthy that both periclinal and anticlinal walls of the PPL, OPL, and OPL2 contribute wall material to the peristome at this level. Above this basal level, the peristome of D. pallidum forms a continuous ring of thickening (Fig. 15) . Further upward, this basal membrane divides into narrow divisions (Fig.  16-17 (Fig. 21) . Cells of the IPL in Figure 21 are undergoing asymmetrical divisions. These two figures are comparable to Figures 5 and 6 of D. pallidum.
Trematodon. -The earliest developmental stages of the peristomial region in T. longicollis are identical to those of Ditrichum pallidum (and all other arthrodontous species we have studied). The embryonic sporophyte with an actively dividing apical cell is more or less pointed and the merophytes can be readily distinguished (Fig. 22) . The apical cell ceases dividing at a very early stage and most of the elongation of the developing sporophyte is due to cell enlargement, as in other mosses.
Early development involves differentiation of amphithecium and endothecium, followed by alternating periclinal and anticlinal divisions in the amphithecium (Fig. 23) . When the amphithecium consists of three layers, asymmetrical anticlinal divisions commence in the eight IPL cells (Fig. 24) . Additional anticlinal divisions in each of the larger of the two IPL derivatives results in three IPL cells lying adjacent to two PPL cells (Fig. 25) , just as in D. pallidum (Fig. 8) . However, in contrast to D. pallidum, no additional divisions occur in the IPL of Trematodon longicollis (Fig. 26) ; the 4:2:3 peristomial formula is maintained through peristome maturation.
The capsule of T. longicollis is held in a more or less horizontal position (due mainly to bending of the seta just below the capsule); it is linear-cylindrical with an extremely long sterile neck region and a long-rostrate operculum. A longitudinal section of a capsule in which peristome formation is just beginning shows the position of the sporogenous tissue in relation to the peristomial layers. The IPL extends downward into the urn as a bistratose outer spore sac (Fig. 27) . The peristome teeth form from periclinal wall pairs in the IPL and PPL, and also to some extent from transverse walls of the IPL (Fig.  28) . The latter are responsible for the prominent articulations on the inner face of each peristome tooth. Wall deposition is more extensive at the extreme base of the peristome and involves cells in the OPL, as in D. pallidum. A transverse section from the annular region just as deposition of the peristomial wall material is beginning shows that three IPL cells, which have broken down leaving only their anticlinal walls, lie adjacent to two PPL cells (Fig. 29) . The mature peristomial formula is thus 4:2:3. Dicranum scoparium. -The early developmental stages in this species are identical to those in the two previous genera. Differentiation of the amphithecium and endothecium involves a series of obliquely anticlinal divisions in a quadrant of cells just below the sporophyte apex (Fig. 30-31) . We observed no curved periclinal divisions in the quadrant cells like those in D. pallidum (Fig. 4) , although such divisions occur occasionally during the differentiation ofamphithecium and endothecium in other mosses (reviewed by Shaw & Anderson 1988) . A regular alternation of periclinal and anticlinal divisions follows in the amphithecium (Fig. 32-33) . At a stage precisely comparable to that in Ditrichum and Trematodon, an asymmetrical anticlinal division occurs in each of the eight IPL cells, followed by another anticlinal division in the larger derivative (Fig. 34-35 ). At this stage the peristomial formula is 4:2:3 and every third anticlinal wall in the IPL is more or less aligned with an anticlinal wall in the PPL (Fig. 35) .
The same sequence of swelling of the PPL cells and repositioning of cells of the OPL and IPL occurs in D. scoparium (Fig. 35-36) as in Ditrichum and Trematodon. Most of the previous alignment of radial walls in the IPL and PPL disappears (Fig. 36) . In the latter figure, which is just prior to deposition of the peristome teeth, cells of the IPL undergo additional divisions and the final peristomial formula becomes 4:2:4-6. Note also the outer layer of the endothecium (Fig. 36s ) which is continuous with the spore layer lower in the capsule.
Peristome teeth form by deposition of additional material on all or portions of the adjoining periclinal walls of the IPL and PPL (Fig. 37-39 ), followed by eventual resorption or lysis of the surrounding wall material. A single PPL cell is involved in the formation of the outer portion of each tooth, while two to three cells of the IPL are involved in forming the inner portion of each tooth. The teeth are thus twolayered, each cemented together by a thin middle lamella. A longitudinal section through a capsule in which deposition of peristome wall material is occurring (Fig. 38) shows the similarity of Dicranum to Ditrichum (Fig. 12) and Trematodon (Fig. 27) . Deposition can be seen in adjoining walls of the IPL and the PPL. There is no deposition in the OPL. The air space (Fig. 38a) terminates the PPL, while the IPL continues downward and becomes the outer spore sac.
A longitudinal section through a nearly mature operculate capsule (Fig. 39) shows the position of the peristome and associated thickenings at the base, which were discussed above. The OPL has not yet been resorbed and, near the annulus, consists of two layers of cells. In this figure the spore sac has enlarged and now completely fills the air space. At this stage meiosis has occurred and the spores are free within the spore sac. A transverse section slightly above the annulus of a capsule that is about the same age as that in Figure 39 is shown in Figure  37 . Peristome deposition is essentially complete in both figures.
A longitudinal section of a mature tooth (Fig. 40) (Fig. 41) of a very young sporophyte shows the early differentiation of the capsule (above the arrow) and setae (below). The apical cell produces derivatives which in turn divide in a predictable fashion (Fig.  42-43 ). Later stages (Fig. 44-45) show enlargement of the cells of the PPL and the accommodation by the OPL and IPL. Note that a second layer of cells is formed outside the OPL.
The two-layered structure of the mature peristome is clearly revealed in transverse and longitudinal sections of mature capsules. An enlargement of a transverse section of a single tooth (Fig. 46) shows the outer layer, to the right, which was formed by deposition on the inner wall of a single PPL cell. There is some variation in the mode by which the amphithecium and endothecium are differentiated, but this variation can occur within one sporophyte, as in Ditrichum pallidum (Fig. 4) Is there a sequence of divisions in the peristomial layers which is unique to and shared by species with haplolepideous peristome structure? Edwards (1979) argued for monophyly of haplolepideous mosses because of a uniform 4:2:3 peristomial formula at maturity, and the alignment of every third anticlinal IPL wall with a wall in the PPL. Our observations indicate that neither trait is consistent at maturity even among the six species described here. However, the sequence of divisions leading to the 4:2:3 cell arrangement, even if additional IPL divisions occur later, is unique to and shared by these haplolepideous species. Consequently, developmental data do unite haplolepideous mosses. Monophyly, on the other hand, is only indicated if this developmental similarity represents an evolutionarily derived characteristic (synapomorphy). If the developmental sequence characterizing haplolepideous peristomes is in fact primitive in arthrodontous mosses, there would be no evidence for monophyly of the Haplolepideae. It is still premature to hypothesize evolutionary polarity of the developmental pathways we are describing. We have in progress developmental studies of putative outgroups of the arthrodontous mosses (including Polytrichales and Sphagnum) which should provide evidence bearing on such questions.
In a previous paper (Shaw et al. 1987) we argued, based on developmental information, that the peristome of Diphyscium foliosum is haplolepideous in spite of its unusual structure at maturity. The peristomial layers attain the haplolepideous 4:2:3 cell arrangementjust prior to maturity, but this arrangement is ultimately obscured by additional divisions in the IPL, and extreme swelling of PPL cells. Present results indicate that neither of these latter characteristics is unusual for haplolepideous mosses. Additional IPL divisions occur in five of the six species described in this paper, and in Dicranum the PPL cells become noticeably swollen. Although the extreme swelling of PPL cells that characterizes D. foliosum sets that species apart from those described here, the interpretation that Diphyscium is fundamentally haplolepideous is strengthened by the present observations.
